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ABSTRACT After dephosphorylation by the phosphatase calcineurin, the fungal transcription factor CrzA KEYWORDS 

enters the nucleus and activates the transcription of genes responsible for calciunn honneostasis and many Aspergillus 

other calciunn-regulated activities. A lack of CrzA confers calcium-sensitivity to the filamentous fungus nidulan 

Aspergillus nidulans. To further understand calcium signaling in filamentous fungi and to identify genes that extragenic 

interact genetically with CrzA, we selected for mutations that were able to suppress crzAA calcium intoler- suppression 

ance and identified three genes. Through genetic mapping, gene sequencing, and mutant rescue, we were calcineurin 

able to identify these as cnaB (encoding the calcineurin regulatory subunit), folA (encoding an enzyme CrzA 

involved in folic acid biosynthesis, dihydroneopterin aldolase), and scrC (suppression of crzA~, encoding folate 

a hypothetical protein). By using a calcium indicator, Fluo-3, we were able to determine that the wild-type biosynthesis 

and the suppressor strains were either able to regulate intracellular calcium levels or were able to take up 

and or store calcium correctly. The increased expression of calcium transporters, pmcA and/or pmcB, in 

suppressor mutants possibly enabled tolerance to high levels of calcium. Our results suggest that a cnaB 

suppressor mutation confers calcium tolerance to crzAA strains through restoration of calcium homeostasis. 

These results stress that in A. nidulans there are calcineurin-dependent and CrzA-independent pathways. In 

addition, it is possible that CrzA is able to contribute to the modulation of folic acid biosynthesis. 
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To sense and respond to environmental conditions, eukaryotic cells 
have evolved signaling pathways to coordinate growth and metabo- 
lism. Calcium signaling is essential for several physiological responses 
in living organisms, such as cell cycle, differentiation, and ion homeo- 
stasis. However, unwarranted intracellular calcium concentrations can 
be toxic to the cell, even leading to cell death, and must be removed. 
Calcium binds to and activates calmodulin, a primary and highly 
conserved calcium-binding protein, that in turn binds to and activates 
effector calmodulin-dependent enzymes, such as calcineurin (Fox and 
Heitman 2002; Cyert 2001, 2003). The phosphatase calcineurin is 
a heterodimeric protein composed of the catalytic subunit A and 
the regulatory subunit B (Fox and Heitman 2002). The immunosup- 
pressant cyclosporin A specifically inhibits calcineurin by mediating 
immunophilin binding to the phosphatase and has been used as 
an experimental tool to probe the function of calcineurin in vivo 
(reviewed in Liu 1993). In mammalian cells, calcineurin activates 
immune responses and is also involved in the cardiovascular systems 
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(Crabtree and Olson 2002). In the Saccharomyces cerevisiae model 
system, calcineurin regulates morphogenesis, Ca^+ homeostasis, and 
stress- activated transcription (Fox and Heitman 2002; Cyert 2003). In 
fungi, calcineurin plays an important role in the control of cell mor- 
phology, virulence, and the action of antifungal drugs (Cruz et al 
2001; Fox and Heitman 2002; Cyert 2003; Steinbach et al 2004, 
2007; Da Silva Ferreira et al. 2007; Stie and Fox 2008). Inactivation 
of calcineurin in Cryptococcus neoformans affects growth at 37°, hy- 
phal elongation during mating, and haploid fruiting (Odom et al 
1997; Cruz et al 2000, 2002; Fox et al 2001). Reduced virulence 
and an absence of growth in serum were observed in Candida albicans 
depleted in calcineurin activity (Cruz et al 2000; Blankenship et al 
2003; Sanglard et al 2003). In Aspergillus fumigatus, calcineurin in- 
activation decreased virulence and filamentation while also preventing 
growth in serum (Da Silva Ferreira et al 2007; Soriani et al 2008). In 
contrast to previous findings (Rasmussen et al 1994), we found that 
the Aspergillus nidulans calcineurin catalytic subunit (calcineurin A, 
or CnaA) was not essential and that the cnaA deletion mutant shared 
the morphological phenotypes observed in the corresponding 
A. fumigatus mutant, calAA (Soriani et al 2008). 

Mammalian calcineurin dephosphorylates the nuclear factor of 
activated T cells (NFAT), a conserved family of transcription factors 
(Crabtree and Olson 2002). Calcineurin dephosphorylates NFAT by 
interacting with a specific domain, named the calcineurin- docking 
domain, which in mammalian cells has two common sequences, 
PxIxIT and LxVP (Aramburu et al 1998, 1999; Rodriguez et al 
2009). Upon dephosphorylation, cytoplasmic NFAT translocates to 
the nucleus and activates the transcription of the genes responsible 
for regulating cellular calcium homeostasis (Crabtree and Olson 
2002). In fungi, the best- characterized target of calcineurin is the 
transcription factor Crzl/CrzA that is not related to NFAT but has 
conserved regulatory mechanisms. An increase in cytosolic calcium 
results in dephosphorylation of the Crzl/CrzA transcription factor by 
calcineurin, thus enabling entry into the nucleus and the tran- 
scriptional activation of genes responsible for cellular calcium ho- 
meostasis (Stathopoulos-Gerontides et al 1999; Karababa et al 2006; 
Soriani et al 2008; Spielvogel et al 2008). The nucleocytoplasmic 
trafficking mechanisms of NFAT/Crzl/CrzA is the final result of 

■ Table 1 Aspergillus nidulans strains used in display items 

Strains Genotypes 

TN02A3 
R21 
GR5 
UI224 
BER02 
cnaAA 
crzAA 

alcA::crzA cnaAA 
rcnAA 

cnaB1 crzAA 
folAV crzAA 
cnaB1 
folA1 
rev-1 
rev-2 
rev-3 
scrCA 

cnaB1 crzAA 
cnaBA 

cnaBA crzAA 



the phosphorylation/dephosphorylation events and the nuclear 
localization/export sequences present in these transcription factors 
(Okamura et al 2000; Polizotto and Cyert 2001; Boustany and Cyert 2002). 

The S. cerevisiae Crzlp contains a zinc-finger DNA-binding motif 
that specifically binds to a 24-bp sequence in the promoter regions of 
genes, the calcineurin-dependent response element (Stathopoulos 
and Cyert 1997). crzlA mutants exhibit hypersensitivity to Mn^+, 
Li+, and chitosan and have defects in cellular morphology, mating, 
and the transcriptional response to alkaline stress (Matheos et al 
1997 \ Stathopoulos and Cyert 1997; Stathopoulos-Gerontides et al 
1999; Zakrzewska et al 2005). Overexpression of CRZl in calcineurin 
mutants suppressed the calcineurin deletion phenotype (Stathopoulos 
and Cyert 1997). CRZl deletion mutants in Schizosaccharomyces 
pombe (przlA) are hypersensitive to calcium and have reduced mRNA 
levels of the PMCl Ca^+ pump (Hirayama et al 2003). C. albicans 
homozygotes crzl A /A are moderately attenuated for virulence and 
sensitive to calcium, lithium, manganese, and sodium dodecyl sulfate 
(Onyewu et al 2004; Santos and De Larrinoa 2005; Karababa et al 
2006). A. fumigatus crzAA strains are attenuated for virulence and 
have decreased conidiation, whereas their hypersensitivity to calcium 
and manganese has been attributed to the reduced expression of 
calcium transporters (Soriani et al 2008). Spielvogel et al (2008) have 
shown that the A. nidulans crzA deletion phenotype includes extreme 
sensitivity to alkaline pH, Ca^^ toxicity, and aberrant morphology con- 
nected with alterations of cell- wall— related phenotypes such as reduced 
expression of a chitin synthase gene, chsB. 

Genes activated by Crzl/CrzA include calcium channels and 
transporters that import calcium into vacuoles or efflux it (Dinamarco 
et al 2012). Besides calcium transporters, very few Crzl/CrzA targets 
have already been identified via microarray or chromatin immuno- 
precipitation sequencing strategies that have also been validated by 
direct demonstration. Validated genes include the S. cerevisiae HXT3 
hexose transporter (Ruiz et al 2008), the C. glabrata Ypsl glycosyl- 
phosphatidylinositol-linked aspartyl protease (Miyazaki et al 2011), 
the A. nidulans chsB chitin synthase, the Aspergillus giganteus afp 
antifungal protein (Spielvogel et al 2008), and the Magnaporthe grisea 
CBPl calcium binding protein (Kim et al 2010). Yoshimoto et al 
(2002) identified the S. cerevisiae Crzlp-binding site as 5'-GNGGC 
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Figure 1 Growth phenotypes 
of the AcrzA extragenic sup- 
pressors. (A) Wild-type, crzAA, 
crzAA scrC3, crzAA cnaB2, 
crzAA scrC4, scrCA, cnaBA, 
and crzAA cnaBA mutant strains 
were grown on MM (pH 6.5), 
MM+200 mM CaCb (pH 6.5), 
or MM (pH 8.0) for 72 hr at 30° 
or MM+400 uM MnCI2 (pH 6.5) 
for 72 hr at 44°. (B) Wild-type, 
crzAA, crzAA cnaB1, crzAA 
folA1, cnaBA, crzAA cnaBA 
mutant strains were grown either 
on YUU 30°, YUU 44°, YUU+400 
fxM MnCl2, YUU + 100 mM 
CaCl2, or YUU+200 mM CaC^ 
for 72 hr. (C) Wild-type, crzAA, 
crzAA cnaB1, and crzAA folA1 
mutant strains were grown ei- 
ther on MM (pH 6.5) or MM 
(pH 8.0) for 72 hr at 30°. Except 
where otherwise indicated, the 
growth temperature was 30°. 



(G/T)CA-3' by in vitro site selection. Recently, in A. fumigatus, CrzA 
has been shown to control directly the transcription of the pmcA-C 
calcium transporter genes by binding to their promoter regions. CrzA- 
binding experiments suggested that the 5'-CACAGCCAC-3' and 5'- 
CCCTGCCCC-3' sequences upstream of pmcA and pmcC genes, 
respectively, are possible calcineurin-dependent response element— 
like motifs (Dinamarco et al 2012). 

To further understand calcium signaling in filamentous fungi and 
to identify genes that interact genetically with CrzA, we selected and 
characterized extragenic suppressors of an A. nidulans crzA null mu- 
tation. We isolated mutations in three genes that, to different extents, 
suppressed the sensitivity of the crzAA mutant to calcium. To our 
knowledge, no suppressors of crzl/crzA-n\A\ mutations have been 
reported in any organism. These mutations reside within the calci- 
neurin regulatory subunit gene cnaBy the folA gene encoding dihydro- 
neopterin aldolase, an enzyme involved in folic acid biosynthesis 
(Giildener et al 2004), and the scrC gene which encodes a protein 
of unknown function. Apparently these mutations suppress crzAA 
calcium- sensitivity by bypassing the CrzA requirement for calcium 
homeostasis. The identification of a mutation in A. nidulans folA gene 
suggests that CrzA is involved in the regulation of folic acid biosyn- 
thesis, adding a completely novel role for CrzA (as well as a novel role 
for FolA). 

MATERIALS AND METHODS 

Aspergillus strains and growth conditions 

A. nidulans markers and genetic methodologies were as described 
(Pontecorvo et al 1953). The strains used in displayed experiments 
are listed in Table 1. Media used in this study included: complete 
medium YAG (2% glucose, 0.5% yeast extract, 2% agar, trace ele- 
ments); and YUU, which is YAG medium supplemented with 1.2 g/L 
of uracil and uridine; YG medium, which has the same composition 



as YAG but does not contain agar and a minimal medium (MM: 1% 
glucose, nitrate salts, trace elements, 2% agar, pH 6.5). A modified 
MM with two different pHs was also used: MM pH 6.5 (1% glucose, 
20 mL/L Aspergillus salt solution, 1% Oxoid Agar, pH 6.5 with 4 M 
NaOH) and MM pH 8.0 (1% glucose, 20 mL/L salt solution for pH 
8.0 media, 2.7 mM NaH2P04, 50 mM Na2HP04, 1% Oxoid Agar, 
pH 8.0 with 4 M NaOH). Media were buffered with 200 mM glycolic 
acid, for pH 5.0, 200 mM 2-morpholinoethanesulphonic acid for pH 
6.5 or 200 mM Tris-HCl for MM for pH 8.0. The composition of the 
trace elements, vitamins, and nitrate salts are described in the ap- 
pendix to Kafer (1977). Standard genetic techniques for A. nidulans 
(Kafer 1977) were used for all constructions. For the heat- sensitive 
(hs~) suppressor mutants, the permissive and restrictive tempera- 
tures for growth were 30° and 44°, respectively. 

Mutagenesis and the selection of suppressors 

For mutations now designated cnaB2, scrC3, and scrC4, A. nidulans 
conidiospores, from cultures grown on Aspergillus complete solid me- 
dium were exposed to 254 nm ultraviolet light with a UV Stratalinker 
1800 (Stratagene, UK) for approximately 10 min. The subsequent 
steps were performed in the dark. Conidial suspensions were made 
in sterile water plus 0.1% (w/v) Tween 80 and spread directly onto 
supplemented MM containing 200 mM CaCl2. Plates were then wrap- 
ped in foil and incubated at 30° for 3 d, after which the foil was 
removed and the plates were incubated for an additional 7 d at 30°. 
For mutations now designated cnaBl and /o/Ai, conidiospores were 
treated with 4-nitroquinoline-l -oxide: 1.0 mL of phosphate-buffered 
saline (PBS: NaCl, 8.01 g/L; KCl, 0.20 g/L; Na2HP04 • 2 H2O, 1.78 g/L; 
KH2PO4, 0.27 g/L, pH 7.4) containing 1.5 |JLg/mL 4-nitroquinoline- 
1 -oxide and 2 x 10^ conidiospores/mL was incubated for 30 min 
at 30° with agitation (250 rpm, 1000 g). After this period, 1 mL of 
sodium thiosulfate (5% w/v) was added to stop the mutagenesis. 
This solution was centrifuged (4000 rpm for 5 min), the pellet was 
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appropriately diluted and plated on YUU medium. Approximately 
90% of the conidia were killed by this treatment. Aliquots of the 
conidial suspension (0.1 mL) were spread on YUU + 300 mM 
CaCl2 plates that were incubated at 30° for 3 d. Suppressors were 
isolated and subsequently retested for growth at 30 and 44°. 

Staining and microscopy 

For light microscopy experiments, strains were grown on sterile glass 
coverslips within a Petri dish overlaid with the appropriately supple- 
mented liquid YG medium containing -10^ conidiospores/mL of the 
relevant strain. Conidia settled to the bottom of the dish and adhered 
tightly to the coverslips during germination. 

To stain the nuclei of adherent germlings, after 12-hr incubation at 
28 or 44°, coverslips were immersed in fixative (3.7% formaldehyde, 
50 mM sodium phosphate buffer pH 7.0, 0.2% Triton X-100) for 
30 min at room temperature. Then, briefly rinsed with PBS buffer 
(140 mM NaCl, 2 mM KCl, 10 mM NaHP04, 1.8 mM KH2PO4, pH 
7.4) and incubated for 5 min with 100 ng/mL DAPI (4',6-diamino-2- 
phenyylindole; Sigma Chemical Co.) and 100 ng/mL calcofluor white 
(Fluorescent brightener; Sigma Chemical Co.). Afi;er staining, the 
germlings were washed with PBS buffer for 5 min at room tempera- 
ture, rinsed with distilled water, and mounted in Citifluor. The sam- 
ples were finally examined using a Zeiss epifluorescence microscope. 

The reciprocal shift experiments, used to determine the stage 
of interphase at which the folAl strain arrested, were performed as 



described (Bergen et al. 1984). Conidia fi*om the folAl strain were in- 
oculated on coverslips as described previously and incubated at 44° for 
7 hr. Untreated germlings were either fixed (as a control), transferred to 
44° for 3 hr or to YG plus 25 mM hydroxyurea (HU) for 10 min (at 44°), 
and then shifted to 28° with HU for 3 hr. For the reciprocal experiments, 
conidia were arrested in S-phase by inoculating onto coverslips in rich 
media containing 25 mM HU and incubated for 7 hr at 28°. The cover- 
slips were either fixed (as a control) or transferred to 28° YG medium in 
the absence of HU or shifi;ed to 44° without HU. Coverslips were stained 
as described above and the number of nuclei per germling determined. 

Determination of intracellular calcium levels 

A fluorescent calcium indicator (Fluo-3, AM; Molecular Probes, 
F 142 18) was used to investigate the maintenance of intracellular 
calcium homeostasis. Strains were grown for 16 hr at 30° in 1 mL of 
YUU broth in a 24- well plate containing a circular coverslip (12 mm 
diameter) per well. After incubation, the samples were washed twice 
with 1 mL of PBS after which 1 mL of 200 mM CaCl2 containing 
1 |jlM Fluo-3 was added and incubated for 10 min at 30°. The cover- 
slips were then washed three times with 1 mL of water and mounted 
on a slide with 5 |jlL of 50% glycerol. Control samples were incubated 
for 10 min with Fluo-3 without calcium treatment. Germlings were 
observed using a fluorescence microscope (Observer.Zl, Zeiss). To 
allow comparisons between strains, the same exposure time and light 
intensity were applied to all samples. 
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Figure 3 Morphology and numbers of nuclei in the wild-type, cnaB1, 
and folA1 mutant strains. (A) The wild-type, cnaB1, and folA1 mutant 
strains were grown at 30° for 16 hr and stained with DAPI. (B) The wild- 
type, cnaB1, and folA1 mutant strains were grown at 44 °C for 16 hr 
and stained with DAPI. Bars, 10 ixm. 

Molecular techniques 

Standard genetic techniques for A. nidulans were used for all strain 
constructions (Kafer 1977). DNA manipulations were performed 
according to Sambrook and Russell (2001). All polymerase chain 
reactions (PCRs) were performed using High Fidelity Platinum Taq 
DNA Polymerase (Invitrogen). The scrC (AN8823) deletion cassette 
used for DNA-mediated transformation was constructed by in vivo 
recombination in S. cerevisiae as described by Colot et al. (2006). In 
summary, a 1.5-kb region either side of the open reading frame (ORF) 
was selected for primer design. The primer pairs were named 5F and 
5R for the 5 '-untranslated region (UTR) and 3F and 3R for the 3'- 
UTR. The 5F and 3R primers contained a short sequence homologous 
to the MCS of the pRS426 plasmid (Supporting Information, Table 



SI). Both the 5'- and 3' -UTR fragments were PCR-amplified from 
genomic DNA extracted from A. nidulans strain A4. The pyrG gene, 
used as selection marker for transformation, was amplified from the 
pCDA21 plasmid (Chaveroche et al. 2000). Deletion cassette generation 
was achieved by transforming the three fragments for each construction, 
along with the BamHI/£coRI-cut pRS426 plasmid, into the S. cerevisiae 
strain SC94721 using the lithium acetate method (Schiestl and Gietz 
1989). Yeast transformant DNA was extracted (Goldman et al 2003), 
dialyzed, and transformed by electroporation into Escherichia coli strain 
DHIOB, to rescue the pRS426 plasmid. The deletion cassette was sub- 
sequently PCR-amplified from the plasmid and used for A. nidulans 
transformation (Osmani et al 1987). Transformants were selected for 
the ability to grow on MM in the absence of uridine and uracil. For the 
cnaB^^^^^ gene replacement experiment, the cnaB^^^^^ allele was PCR- 
amplified from a cnaBl strain and DNA fragments transformed into 
a wild type strain. Transformants were selected at 44°. Southern blot 
analyses were used throughout to demonstrate that transformation cas- 
sette had integrated homologously at the targeted A. nidulans locus. 

RNA isolation and RT-PCRs 

Liquid YG cultures inoculated with 1.0 x 10^ mL~^ conidia were 
incubated in a reciprocal shaker at 30° for either 8 or 12 hr. Mycelia 
were aseptically transferred to fresh YG medium in the absence or 
presence of 200 mM CaCl2 for 10 and 30 min. The mycelia were 
harvested by filtration, washed with sterile distilled water, immediately 
frozen in liquid nitrogen, and ground into a powder while frozen. Total 
RNA was extracted with Trizol (Life Technologies) and RNAse-free 
DNAse treated as previously described by Semighini et al (2002). 

AU PCRs were performed using an ABI 7500 Fast Real-Time PGR 
System (Applied Biosystems) and Taq-Man Universal PGR Master Mix 
kit (Applied Biosystems). The reactions and calculations were performed 
according to Semighini et al (2002). The primers and Lux fluorescent 
probes (Invitrogen) used in this work are described in Table SI. 

Modeling of calcineurin 

Protein homologs were identified by a BLAST search on the Uniprot 
database (www.uniprot.org). Comparative modeling of the regulatory 
subunit of calcineurin was performed using the X-ray structure de- 
posited with the Protein Data Bank (PDB) code 2P6B as template. 
This corresponds to the human calcineurin (Li et al 2007). The 
unitary crystal cell of this structure contains two copies of the catalytic 
subunit of calcineurin bound to their corresponding regulatory proteins 
plus a peptide carrying the sequence PVIVIT. Only the regulatory sub- 
unit bound to calcium ions chain labeled as chain D in this structure was 
used in the modeling. The model comprises residues 26 to 135, which 
includes all the four EF hand motifs. The template and target sequences 
aligned without gaps with 65% identity. A comparative model was con- 
structed using MODELER (Sali et al 1995). The resulting model con- 
tained more than 90% of residues in the most favored regions of the 
Ramachandran plot and no residues in the disallowed regions. Molecular 
graphics were rendered with VMD (Humphrey et al 1996). 

RESULTS 

Selection and characterization of crzAA suppressors 

To gain insight into possible targets of the GnaA-CrzA regulatory 
system, we performed a suppression analysis of a crzAA mutant. Two 
strategies were used to identify suppressors of the crzAA mutation: (1) 
the mutations now designated cnaB2, scrC3, and scrC4 were selected 
as suppressors of calcium toxicity (up to 200 mM CaCl2) at 37° and 
the recovery of the poor growth phenotype observed for the crzAA 
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W Table 2 Double reciprocal shift assay of a fo/A7 strain 



Treatment^ 


Initial Conditions 




Shift 




Percent with 
Two Nuclei^ 




Tirnp hr 
1 1 1 1 1 ^ III 


1 CI 1 IkJCI aLUI c 


Tirnp hr 
1 1 1 1 1 ^ III 


Downshifts 












A 


44° 


7 


No shift 


0 


54 ± 1.7 


B 


44° 


7 


28° 


3 


55 ± 4.6 


C 


44° 


7 


28° + 25 mM HU^ 


3 


46 ± 2.9 


Upshifts 












D 


28° + 25 mM HU 


7 


No shift 


0 


0 


E 


28° + 25 mM HU 


7 


28° 


3 


27 ± 3.1 


F 


28° + 25 mM HU 


7 


44° 


3 


21 ± 2.4 



HU, hydroxyurea. 

^ One hundred germlings were counted for each experiment and the percentage having one nuclear division was determined. 
Percentage of cells completing at least one nuclear division. 

Before transferring the germlings to the treatment C (28° + HU), the germlings were incubated in the presence of 25 mM HU for 10 min at 44°. 



strain grown on pH 8 medium (growth at 30° is shown in Figure lA); 
and (2) the mutations now designated cnaBl and /o/Ai were selected 
for as suppressors of calcium toxicity (up to 100 or 200 mM CaCl2) at 
30° and screened for an inability to grow at 44° (hs~ phenotype). The 
MM was used in these experiments allowed the precise adjustment of 
pH. However, the observed phenotypes for these mutants were iden- 
tical in either MM or YUU (Figure IB and data not shown). The 
segregants from the crosses between crzAA cnaBl x wild type strain 
GR5 and crzAA folAl x GR5 were analyzed to determine whether 
the conditional hs" mutation in the suppressors cosegregated with the 
scr mutations. The presence of calcium resistant (Ca^), hs+ progeny 
would have signified a lack of cosegregation between the scr mutation 
and the conditional mutation (Table S2). However, thermo-sensitivity 
and calcium resistance in these two mutants cosegregated (see Figure 
IB). Neither of these two mutations improves growth of crzAA strains 
at pH 8 (Figure IC). Deletion of cnaB leads to poor growth on all 
media but does not lead to appreciable thermo-sensitivity and/or 
improve growth of crzAA strains on calcium- containing or pH 8 
media (Figure 1). In addition to calcium sensitivity, crzAA strains 



are hypersensitive to manganese toxicity (Figure IB). The cnaB2, 
folAly scrC3y and scrC4 mutations but neither cnaBl nor cnaBA confer 
manganese resistance (Figure IB). 

In outcrossed crzA^ backgrounds, cnaB2 and the scrC mutations 
do not have discernible phenotypes. cnaBl and /o/Ai; however, con- 
tinue to show thermosensitivity and cnaBl confers clear manganese 
and pH 8 hypersensitivity (Figure 2, A and B). cnaBl colonies at both 
permissive and restrictive temperatures are wrinkled and produce 
a dark pigment at their peripheries (Figures IB and 2 A and data 
not shown). When cnaBl germlings were incubated at 30° or 44° 
for 16 hr and stained with DAP I, the numbers of nuclei at the two 
temperatures were about the same (8.84 ± 0.08 at 30° V5. 7.77 ± 0.22 
at 44° for the wild type and 9.21 ± 0.06 at 30° V5. 8.09 ± 0.22 at 44° 
for the cnaBl); however, virtually all the germlings showed increased 
branching (Figure 3). When /o/Ai germlings were incubated at 30° or 
44° for 16 hr and stained with DAPI, the number of nuclei at 30° was 
comparable with that of wild type germlings (8.84 ± 0.07 at 30°; 
Figure 3A). At the restrictive temperature, however, 60% of the 
conidiospores had a single nucleus (Figure 3B), in contrast to the 
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Figure 4 The cnaB1, cnaB2, 
folA1, and scrCA mutations re- 
duce cytosolic calcium levels in 
a crzAA background. Strains 
having the indicated relevant, 
partial genotypes shown were 
grown in liquid YUU for 16 hr 
at 30° and then exposed to 
200 mM CaCl2 for 30 min fol- 
lowed by 10 min exposure to 
Fluo-3. Bars, 10 ijum. 
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W Table 3 Quantitative measurements by RT-qPCR of the pmcA, -B mRNA accumulation when the wild-type and mutant strains 
were exposed to a short pulse of CaCl2 (10 and 30 min) 



pmcA Control pmcA, 10 min 



pmcA, 30 min pmcB Control pmcB, 10 min 



pmcB, 30 min 



Wild type 
crzAA 

crzAA cnaB1 
crzAA folA1 
crzAA scrC3 



0.24 
0.91 
0.60 
0.17 
0.22 



0.01 
0.02 
0.03 
0.01 
0.002 



1.62 : 
0.87 : 
8.37 : 
0.70 : 
3.00 : 



0.25 (6.8 X) 
0.21 (0.9 X) 
0.97 (13.9 X) 
0.06 (4.2 X) 
0.30 (13.9 X) 



2.85 
0.88 
3.40 
0.81 
13.1 



0.41 (12.0 X) 
0.24 (0.9 X) 
0.01 (5.7 X) 
0.01 (4.8 X) 
1 .50 (60.7 X) 



0.01 : 
0.03 : 
0.01 : 
0.009 
0.12 : 



0.001 
0.001 
0.00 
: 0.00 
0.001 



0.16 : 
0.05 : 
0.03 : 
0.04 : 
0.47 : 



0.02 (15.5 X) 
0.001 (0.6 X) 
0.005 (2.0 X) 
0.004 (4.1 X) 
0.01 (3.8 X) 



0.36 : 
0.05 : 
0.04 : 
0.16 : 
0.16 



0.02 (35.3 X) 
0.001 (1.6X) 
0.005 (4.0 X) 
0.002 (18.4 X) 
: 0.01 (1.3 X) 



Observations: (1) Control: strains were grown for 1 6 hr in YG medium at 37°; (2) the values represent the [pmcA cDNA]/[tubC cDNA] and [pmcB cDNA]/[tubC cDNA]. 
Values between parentheses correspond to the number of times the pmcA and pmcB mRNA accumulated comparatively to the control. 



wild-type germlings that normally undergo two or three nuclear divi- 
sions under these conditions (Figure 3B). These results suggest that 
the cnaBl mutation affects branching frequency, whereas the folAl 
mutation affects the nuclear division cycle. Up to approximately 12 hr 
of incubation at 44°, the folAl block is reversed by shifting to 28°. 

Reciprocal shift assays were performed to determine the stage of 
interphase at which arrest occurs in the folAl mutant (Table 2). When 
conidia were inoculated into YG medium and incubated for 7 hr at 
44°, we again observed that only 60% of nuclei underwent mitotic 
division (Table 2). When conidia were inoculated into YG medium 
and incubated for 7 hr at 44° then shifted to YG medium at 28° in 
either the presence or absence of 25 mM HU for 3 hr, approximately 
60% of nuclei underwent mitotic division, regardless of the presence of 
HU (Table 2). This finding suggests that the cells exit from M phase, 
arrest at 44°, traverse mitosis and Gi phase, and arrest in S phase in 
the presence of HU. As a control, the reciprocal experiment was 
performed, in which conidia were inoculated in YG medium at 28° 
either in the presence or absence of 25 mM HU for 7 hr and then 
shifted to YG medium at 28° or 44° for 3 hr. After shifting to 28°, 
approximately 30% of the nuclei without HU underwent mitotic 
division (Table 2). However, approximately 20% of the germlings 
completed one nuclear division after shifting to 28° plus HU (Table 
2). These results indicate that the folAl mutant is blocked in M phase 
at the restrictive temperature. 

Calcium accumulation was determined in the wild- type, cnaAA, 
crzAAy cnaBly folAl, scrCA, and several suppressed crzAA double- 
mutant strains using the Fluo-3 calcium indicator, a highly sensitive 
dye for rapid measurement of calcium levels in cells. Germlings of the 
cnaAA, cnaBA, and crzAA mutant strains exposed to CaCl2 200 mM 
for 10 min, fluoresced strongly (Figure 4). In contrast, the wild- type 
and suppressor mutant strains had much reduced fluorescence as did 
the suppressed crzAA double mutant strains (Figure 4). These results 
suggest that the wild-type and the suppressor strains are either able to 
regulate intracellular calcium levels or that calcium is not taken up 
and/or stored correctly. 

To address the possibility that the suppression of the crzAA cal- 
cium sensitivity might be related to the altered expression of calcium 
transporters, we investigated the mRNA accumulation of two A. nidu- 
lans PMCl homologs, pmcA (ANl 189.3) and pmcB (AN4920.3). The 
putative calcium-transporting vacuolar ATPases, PmcA-B, are in- 
volved in calcium homeostasis and are transcriptionally induced in 
response to CaCl2 in a CrzA- dependent manner (Hagiwara et al 
2008). Using reverse transcription quantitative PGR analysis, we 
quantified the mRNA accumulation of these genes in the wild type, 
crzAA, crzAA cnaBly crzAA folAly and crzAA scrC3 strains in re- 
sponse to short pulses of 200 mM CaCl2 (Figure 4). In the wild-type 
strain, pmcA and pmcB mRNA accumulation increased after exposure 
to CaCl2 for 10 and 30 min, with the latter showing a greater increase, 
whereas this accumulation was completely abolished for all transport- 
ers in the crzAA mutant strain (Table 3). The reduced expression of 



these ion pumps in the crzAA background may explain the observed 
calcium-sensitivity of this strain. Similar to the wild-type strain, all the 
suppressor mutant strains demonstrated increased pmcA and/or pmcB 
mRNA accumulation post exposure to calcium, unlike the crzAA 
mutant (Table 3). Interestingly, in the crzAA cnaBl mutant strain 
pmcA demonstrated a faster increase in mRNA accumulation than 
the wild- type strain (Table 3). In addition, the crzAA scrC3 mutant 
demonstrated a far greater level of pmcA mRNA accumulation than 
the wild type strain. Collectively these results show that the suppressor 
mutants were able to induce calcium transporters in response to 
calcium exposure, unlike the crzAA strain, thus possibly contributing 
to the ability to cope with high calcium levels. 

Two crzAA suppressor mutations lie in cnaB, encoding 
the regulatory subunit of calcineurin 

The mutations now designated cnaBl and cnaB2 were mapped to the 
vicinity of cnaB in linkage group I (File SI). Intriguingly, cnaBl 
germlings are wider than wild-type germlings (74.4 ± 6.2 |jLm for 
cnaBl mutant and 49.1 ± 5.6 |JLm for the wild- type strain; Figure 
3), similar to cnaAA germlings (Soriani et al 2008). We therefore 
sequenced the cnaB gene from the cnaBl and cnaB2 strains. cnaBl 
resulted in a G120D mutation (mutant codon GAG) and cnaB2 
resulted in a D81V mutation (mutant codon GTT) (Figure 5A). 

To confirm that the cnaBl and -2 mutations were responsible for 
the observed phenotype, the cnaB^^^^^ mutation (the same as cnaBl) 
was independenfly constructed by gene replacement. Figure 5B shows 
that the cnaB^^^^^ gene-replacement allele leads to very similar phe- 
notypes to the cnaBl mutation. Construction of (gene replacement) 
cnaB'^^^^^ crzAA double mutants showed that calcium toxicity is sup- 
pressed (Figure 5B). 

To gain structural insight into the possible effects of the cnaB 
mutational changes, we constructed a homology model of the regula- 
tory subunit of calcineurin. The mutated residues are in the second 
and third EF hands of the protein, respectively (Figure 5A). Inspection 
of the structural models indicates that both mutant residues are in 
close proximity to the calcium binding sites and fully exposed to the 
solvent. These mutations are therefore unlikely to result in steric 
clashes. Conservation analysis (not shown) shows that although both 
positions are weU-conserved, hydrophobic amino acids are present at 
position 81 in homologous proteins (e.^., tyrosine, alanine and iso- 
leucine, in the proteins Q9D869, Q5DFV5 and E6ZKS8 at the UniProt 
database, respectively). This suggests that both substitutions can be 
tolerated without significant structural distortions. 

Examination of the structural model (Figure 5A) suggests that the 
D81V substitution reduces the negative charge of the second EF hand 
near to the calcium binding site. Although there is no shortage of 
acidic residues for calcium coordination in the second EF hand (con- 
sider the neighboring Asp73, Glu74, Asp75, Asp79, and Glu84), the 
reduction of the negative charge might reduce affinity of this site for 
calcium. 
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Figure 5 Structural modeling of CnaB and verification that cnaB1 is 
responsible for the observed phenotype. (A) Top: Primary sequence 
of CnaB. Mutationally altered residues (Asp81Val and Gly120Asp of 
CnaB2 and CnaB1, respectively) are in bold blue letters. Red letters 
indicate residues in EF hand motifs. The predicted secondary structure 
features are indicated by background blue cylinders and green arrows 
for alpha helices and beta strands, respectively. Bottom: Illustration of 
the homology model of CnaB obtained from the crystal structure of 
human calcineurin (Li et a/. 2007; PDB id 2P6B). The color scheme is 
identical to that described previously. The putative positions of cal- 
cium ions within the EF hands are indicated by orange spheres. The 
positions of Asp81 and Gly120 are indicated by red balls on green 
sticks. (B) Wild-type, cnaB^^ ^od (cnaB+ was replaced with cnaB^^^^^), 
cnaB1, crzAA, and a double cnaB^^^OD (cna6+ was replaced with 
cnaB^'i 20D) ^^^^ ^g^e grown either on YAG at 30°, YAG at 44°, 
YAG+200 mM CaCb at 30°, or YAG+400 piM MnCb for 72 hr. 

The interpretation of the possible effect of the G120D substitution 
is less straightforward. One possibility is that the presence of an 
aspartic acid at position 120 might distort the third EF hand through 
electrostatic repulsion or altered hydrogen bonding positions (Figure 
5A). Of note, however, is a common feature in the structures of 
the homologous calcineurin heterodimeric structures reported in the 
PDB (www.ncbi.nlm.nih.gov): the backbone nitrogen of G120 forms 
a hydrogen bond with a conserved acidic residue in the catalytic 
subunit of calcineurin (Figure SI). This acidic residue corresponds 
to Glu35 in A. nidulans CnaA. Introduction of a negatively charged 
side chain at position 120 might disrupt the normal hydrogen bonding 



and replace it with strong electrostatic repulsion, putatively reducing 
the binding energy between the catalytic and regulatory subunits. 
Thus, molecular modeling suggests that both mutations would result 
in a higher calcium concentration threshold for activation of the 
catalytic subunit of calmodulin. The effects of these mutations on the 
cooperative conformational changes of the calcineurin regulatory sub- 
unit are currently unclear. Taken together, these results suggest that 
these two mutational changes in EF-hand domains are able to sup- 
press the crzAA calcium toxicity by increasing calcineurin activity. 

A mutation in folA of the folic acid biosynthetic pathway 
can suppress crzAA calcium toxicity 

The mutation now designated /o/Ai was located to the linkage group 
III region between AN4957 {galE) and AN4998 {gapM see File SI). 
Twenty-seven of the 44 ORFs in this region were sequenced, enabling 
the identification of a nucleotide change in AN4979. The translation 
product of AN4979 shows high similarity to the dihydroneopterin 
aldolase [EC:4. 1.2.25 catalyzing the conversion of 7,8-dihydropterin 
to 6-hydroxy-methyl-7,8-dihydropterin for the synthesis of tetrahy- 
drofolate (Guldener et al 2004)] components of S. cerevisiae FoUp. 
An alignment showing sequence conservation between FolA and some 
of its homologs, demonstrating a possible structural basis for the /o/Ai 
mutant phenotype, is shown in Figure S2. In the /o/Ai allele a G to A 
nucleotide change at position 52 results in D18N. This mutational 
change occurs in the first FolA Tunnelling fold (T-fold; pfam 02152). 

The identity of the /o/Ai mutation as that responsible for suppres- 
sion of crzAA calcium toxicity and thermo-sensitive growth was estab- 
lished by the ability of the /o/A+ allele, introduced by transformation, 
to rescue the folAl phenotype (Figure 6 A) and the ability of the 
/o/A^^^^ allele, introduced by gene replacement of the /o/A+ allele, 
to result in thermosensitivity and, when crossed into a crzAA back- 
ground, to alleviate calcium toxicity (Figure 6A). The addition of 
1.8 mM folic acid does not improve growth of /o/Ai strains at 44°, 
nor does it improve their growth at 30° (Figure 6, B and C). Neverthe- 
less, when a /o/Ai strain was grown at 44° in the presence of 1.8 mM 
folic acid, approximately 15% of the germlings released germ tubes 
and the nuclei behaved as if in anaphase (Figure 6D). As the degree to 
which A. nidulans takes up folic acid is uncertain, the interpretation of 
these attempts at folic acid supplementation is unclear. 

Mutations in scrC can suppress crzAA calcium toxicity 

The mutation now designated scrC4 was located to the interval be- 
tween chxA (AN8830) and halA (AN8793) in linkage group III (File 
SI). Twenty-eight ORFs in this interval were sequenced in a scrC4 
strain and a G to A change was identified in the 3' splice site of intron 
4 of AN8823, encoding a hypothetical protein (Figure 7). This also 
revealed that the annotated AN8823 sequence was incorrect. cDNA 
and genomic sequencing plus homolog alignments indicated a 2571 nt 
coding region for a 857-residue protein with three 47 nt introns in 
addition to three large introns in the 5' noncoding region. The cor- 
rected wild-type and mutant sequences are shown in Figure 7. The 
scrC3 mutation is a — 1 frameshift further downstream in the coding 
region (Figure 7). To confirm that these mutations in scrC were re- 
sponsible for the suppression of crzAA, the coding region of scrC 
was deleted. scrCA crzAA strains were suppressed for calcium toxicity 
and pH 8 tolerance (Figure 1, A and C). This establishes that the scrC 
loss-of-function phenotype includes suppression of crzAA calcium 
toxicity and therefore shows that scrC3 and -4 are loss-of-function 
alleles. We have not observed any phenotypic differences between any 
of the scrO alleles and scrC'^ apart from crzAA suppression (Figures 4, 
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Figure 6 The folA1 mutation 
cannot be adequately supple- 
mented by folic acid. (A) Wild- 
type, crzAA, folA1, fo/A^^SN 
was replaced with folA^^^^), 
and a double fo/A^iSN 
was replaced with fo/A^^s^) crzAl 
mutant strains were grown either 
on YUU at 30°, YUU at 44°, YUU 
+200 mM CaCb at 30°, or YUU 
+400 ^jlM MnCl2 at 30° for 72 
hr; (B) Wild-type, crzAd, crzAl 
folA1, and crzAd folA1 were 
grown on MM+800 ixg/ml folic 
acid at 30°, MM+800 ixg/mL folic 
acid at 44°, MM+800 ixg/mL 
+200 mM CaCb at 30°, or MM 
+800 |jLg/mL folic acid+400 fxM 
MnCb at 30 °C for 72 hr; and 
(C) A fo/A7 strain was grown at 
either 30° or 44° for 24 hr in 
MM with or without supplementa- 
tion with 800 |jLg of folic acid and 
stained with DAPI. Panels at left: 
DIC; panels at right: DAPI-stained 
in inverted contrast. Bars, 5 ixm. 



6C, and 8 A and data not shown). A BlastP analysis of the ScrC 
sequence yielded ScrC homologs only in Aspergilli and other euro- 
tiomycetes such as Penicillium marfeneii, Paracoccidioides hrasiliensis, 
and Histoplasma capsulatum (Figure S3). We have been unable to 
detect similarity of ScrC to any protein of known function. 

In an additional approach to provide information about scrC func- 
tion, we investigated scrC mRNA levels when the A. nidulans wild- 
type, cnaAA, crzAA, and rcnAA mutant strains were exposed to 200 
mM CaCl2 for 0, 10, and 30 min (Figure 8B). The cnaA and rcnA 
genes encode the calcineurin catalytic subunit and calcipressin (be- 
longing to a class of endogenous calcineurin regulators), respectively 
(Soriani et al 2008, 2010). There was only a modest (less than 
twofold) increase in scrC mRNA level when the wild-type or crzAA 
strains were exposed to calcium (Figure 8B). However, the scrC 
mRNA level increased 13-fold in the cnaAA strain and approxi- 
mately threefold in the rcnAA strain upon calcium exposure (Fig- 
ure 8B). In the absence of calcium exposure, the scrC mRNA level 
in the rcnAA strain was only about half that of the wild type. These 
results suggest that the modulation of the scrC mRNA accumula- 
tion upon calcium exposure is dependent upon calcineurin and, to 
a lesser extent, calcipressin. 

crzA overexpression does not suppress the cnaAA 
growth phenotype 

To explore further the relationship between the regulatory domains of 
CrzA and calcineurin, we tested whether crzA overexpression was able 
to compensate for the lack of the calcineurin catalytic subunit. It has 
been shown that CnaA genetically interacts with CrzA and is 
responsible for the translocation of CrzA to the nucleus upon calcium 
stimulation in A. nidulans (Soriani et al. 2008, 2010; Spielvogel et al. 
2008). The cnaA- and crzA-null mutants were both very sensitive to 
calcium toxicity yet show different phenotypes in the absence of ex- 
ogenously added calcium, i.e., cnaAA strains have a much smaller 



radial diameter than wild type and AcrzA strains (Figure 9A). The 
reduction in growth of the cnaAA mutant was attributed to increased 
hyphal branching and a reduction in polar expansion (Da Silva Fer- 
reira et al. 2007; Soriani et al. 2008). To determine whether the cnaAA 
growth phenotype can be suppressed by excess CrzA, we overex- 
pressed crzA using the alcA promoter in the cnaAA background (Fig- 
ure 9B). The alcA promoter is repressed by glucose, derepressed by 
glycerol and induced to high levels by ethanol or L-threonine as sole 
carbon sources (Flipphi et al. 2002). crzA overexpression does not 
suppress the cnaAA reduced growth phenotype. This result suggests 
that in A. nidulans there are calcineurin targets that are independent 
from CrzA transcriptional activation. 

DISCUSSION 

We report the first attempt to use suppressor analyses to identify 
genes that interact genetically with Crzl/CrzA. A lack of CrzA con- 
fers considerable calcium sensitivity in A. nidulans (Soriani et al. 
2008; Spielvogel et al. 2008), enabling the selection of suppressors 
by screening for calcium tolerance. In contrast to what is observed 
in S. cerevisiae (Stathopoulos and Cyert 1997), in A. nidulans crzA 
overexpression does not suppress the growth defect phenotype of 
a cnaAA strain (lacking the calcineurin catalytic subunit), suggesting 
the existence of crzA-independent functions controlled by calcineurin. 
The idea that there are CrzA/Crzl -independent functions controlled 
by calcineurin was first suggested in C. albicans (Bader et al. 2006; 
Karababa Et AU 2006; Kullas et aU 2007). Suppressors of crzAA 
calcium toxicity define at least three genes, cnaB, encoding the calci- 
neurin regulatory subunit, /o/A, encoding dihydroneopterin reductase, 
and scrC, encoding a protein of unknown function. cnaBl, folAl and 
scrCA are not capable of suppressing the cnaAA mutant phenotype 
(data not shown). 

The CnaA contains a globular catalytic domain, binding sites for 
both the regulatory calcineurin subunit B (CnaB) and calmodulin, in 
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-1519 — ATGGCGAGCTACAAGGATCAGGAGCTCAGCCAAgtaagcatcgttcttggaatgcgagaacgtttgaaggagtgctattgctcgaccagagaggaaaag - 1421 
-1420 — gccgctttcttgagtgccagtgggaagaaagacattataagccggcagcgcgcagcgcgcaataagaagtctgctgttttaggaaggtgaggaagtcgt - 1322 
-1321 - atagagccgttggagttggaggctgaatcgacactgtcatgaaaataatgaggtaatctgaatagagccagcatgtcaaggcccattaactcggtccca - 1223 
-1222 - gacatactttgatccgtccagtagGAATTTGGTCGAATCGAggtgcgttggtgcgcttgtgtagtctatacttggtgatctgcgccaccgggaagggaa - 1124 
-1123 - tggtggaccatgtcccagtcgaattcttctactactgtaccgtactccgtagctacactcaccatcctcctcattacactcattctcttcgtgaatccc - 1025 
-1024 - tagtcttcacctgataggcttctattcagcggctcatcatccctgtcacatctcattactctattttccacttgcttctttccgcgtctcttcctaatc - 926 
-925 - cttgacttcttacgttcatctcggtctttcttcccctggccgtcactcaacaacagccagtgaatccgtcaaacaatccatggagatccgctacgcgtt - 827 
-826 - ctgttaacgattgatttttcgcgcttctcgttttcaactcccgggagaatctgcttcttgctgttttgctggcctgcctcattctcggctgtgagcgtt - 728 
-727 - actgggtcgcccgtctactacatccgggcagcctcactagatcgactagttggcccgtctcacccgctttttagTTTTACTCCATCTCGACCTCTTCTA - 629 
-628 - CTCCGTACCTCGCATCGCCTCTTCCTAGTTCTCTTGTCGCGCGTCTCTTCTCCTCGTCCTGGtaagtccgctaatctcatcttgttctttcttttatct - 530 
-529 - tcgttttctgtactcgctctgtaccgtcctgcattgcatcctgcggccgtgctttttct.tttctttttcctgtgctctgcgcctgggt.ttgggcttgtc - 431 
-430 - ttgatctctttgggtctcttttcctccttgcatccgcctatccctccaatattcagttttcccttattgagccggttgacctacggctctcatcctgcc - 332 
-331 - aattgaatggcgtccgcgctctcccatgctttccactccttgtctggttacctcttgagccgccaagcgctttaattctaactctgttcatgttctgtc - 233 
-232 - acgttcacttggttctatctgtcttggctattcctctttctttttcttccaattgtcttgctctgtgttccttctatcaccttgctcccgagctcgctc - 134 
-133 - ccgtgcttgctcccgagctttcccttcctctcccctgcagagtttcctgtccgcgcatccaatccttggcctcgacacgctctcgtcaacaattctgca - 35 
-34 — caaccccaaactaacacagtcccagaggaaagcg - 0 

ggtgagtttatacttcctgcgtcttag 
ScrC4 ^GEFILPAS* 

1 - ATGGCAGGAGCTAAACGAAGGCTTGATGCAAGCCACGGCTCAGTCACTCCTTCCACAAATAATACGTCGATCCTTTACAGCAAAggtgagtttatactt - 99 
1-MAGAKRRLDASHGSVTPSTNNTSILYSK -28 

100 - cctgcgtcttagttcagcactaagtttccgtaGAAACTGCTAGCAATGATTCTCCCAACACTCGTGTGACTCGAAACTTACGTTCAAGCCGGGATGCG - 197 
29- ETASNDSPNTRVTRNLRSSRDA-50 

198 - CGTGCTGGTCAACTTGATAATGCTAAGACTGCCAGCACTACTGCTAGCAGTGACACTAGCAATCAAAATATCAGCGCCACTAACAATACCACCCCCAAG - 296 
51-RAGQLDNAKTASTTASSDTSNQNISATNNTTPK-83 



• CACGGCAGCAATCGGCCGTCGCGCATCATAACGCTCAAATATAGCTCTGGCAAGGTCAGTTCCTCGAAGGAGATAAACCGCGCAACGCCTGCAACTCCT 
HGSNRPSRIITLKYSSGKVSSSKEINRATPATP 



395 
116 



396 
117 



CTGACTGCCACACCTGCCTCCGGTGCTTCCACCAGCACTCGTGAAACACGGAACAGCCGAGCACGGGCTGCCGCTGGCCCCCCTGCTGTTCCTGCGGCT 
LTATPASGASTSTRETRNSRARAAAGPPAVPAA 



494 
149 



495 - CAGCCTAATTCCAGCCGGACTGATCCCGCACCTTCTGCCATTGCGGCTCCCGAGACCCCTCGAACTAAGCGTGCCAAACGCGGTTCGGTGACCGAAGAA - 593 
150-QPNSSRTDPAPSAIAAPETPRTKRAKRGSVTEE-182 

594 - TCCCCCAGAAGTACGAGGCAATCGACAAGACTGAGAGGTCATGCTCATGACACGCCCACAGAAAATGGGGTCACCGACTCTAAACCATTGGATGCAAGC - 692 
183-SPRSTRQSTRLRGHAHDTPTENGVTDSKPLDAS-215 

693 - CCATTGGCTCCTGGTGCCGCCAATACCAGAACTAGAAACCGTAATCGGCATAACGTCGATGCTGGTGCCAATGTATCTACTCGCAGTCGCCCACCAACC - 791 
216-PLAPGAANTRTRNRNRHNVDAGANVSTRSRPPT-248 



792 
249 



TCAGCCGCCAAATCCCCACCGCCTGAAGATACTGCCTCAGAAGCGGCTGAGGCGTCTAACCTAGCAGATGTGGAGACTTCACATACTGCAGAATCTGCG 
SAAKSPPPEDTASEAAEASNLADVETSHTAESA 



890 
281 



891 
282 



990 
315 



1089 
348 



1188 
391 



1287 
424 



TCATCCGGGGGAGAATCGCCAAAAGGGACTGTGTCTTCCGCTCATCGGAACCACGAAGAGGAGCACCCAGCGGCTGATGCCGAGGAGGAGTTCAAAGCA 
SSGGESPKGTVSSAHRNHEEEHPAADAEEEFKA 



989 
314 



TT-CGGAAACGAAAATCTCTCGATTCAGATGAGCAAGGTGGTATCTTTACTTCCAGCTCACCAACTAAGAAGCCGAAAGTAG - 1098 
ScrC3 F GNENLSIQMSKVVSLLPAHQLRSRK* - 351 

AAGTCGACCAGGTCTAGTCCAATCATGTCACGGAAACGAAAATCTCTCGATTCAGATGAGCAAGGTGGTATCTTTACTTCCAGCTCACCAACTAAGAAG - 1088 
KSTRSSPIMSRKRKSLDSDEQGGIFTSSSPTKK-347 

CCGAAAGTAGAGGCAGCCGCGCTCGACCGTGCATCAGAATCAACACTCCAGATTGGCGATGAGCGTAAATGGGAAGGTTCACTTAATCAACCGGATGAT - 1187 
PKVEAAALDRASESTLQIGDERKWEGSLNQPDD-390 

GCTACCGCATCCAAAGAGGATGAAGGATCCCGCCAACTAACTGAAGAGGCTGACGATTCAACCACGCCGGACAACGTTGCTGAGTTAGCTACTGCTAAA - 1286 
ATASKEDEGSRQLTEEADDSTTPDNVAELATAK-423 

GCAACCCGTGGAGGCCGCAATCGGGGCCGAGGTCGAGGGGCGCGCAACAGAACTTCGGCACGCTTTGGTGTAAACAGGCGAGGACGTGGTGGCACTCGT - 1385 
ATRGGRNRGRGRGARNRTSARFGVNRRGRGGTR-456 



Figure 7 Nucleotide and de- 
rived amino acid sequences of 
scrC (AN8823). Intron sequen- 
ces are shown in lower case let- 
ters. Nucleotide and translation 
product changes associated 
with the scrC3 and -4 mutations 
are shown. 



1386 - GCTGCGCGGTCTGCGCGCACTGGACGTCAAAATGACCGGTCGAGTGATATAGAATTTGAACGGTCACCGTCCCCAAGTGCTGCCACTCAGAAATTGAGA - 1484 

457 -AARSARTGRQNDRSSDIEFERSPSPSAATeKLR-489 

1485 - GACCGTCAGCGCGAGCTGGACAAGGCTTTTAGAAGGGTGGCCGCCGCGCAGCGATTGGCCTTGGCAGTACTCGCTACGCAGTCTGAGAAGCGCATTGCT - 1583 

490 -DRQRELDKAFRRVAAAQRLALAVLATQSEKRIA-522 

1584 - CGCGACAAAAACGCGCATAAAGCTGTTCCTGAATATGAGGAGGTCAGCTTGATTTTGAAAACGCATTTGCGTGAAAAGCAAGATACTTTGAGACGAGAA - 1682 

523 -RDKNAHKAVPEYEEVSLILKTHLREKQDTLRRE-555 

1683 - TACGATCTCAAGGTAGCACAAGAGAACAGGATCTATCAAGCCAACAAAGAAGCTATTGAGGAGCGATGTCGAtgagttcatgcgccccgttattattgc - 1781 

556 -YDLKVAQENRIYQANKEAIEERCR -579 

1782 - atttctaacgatctttaaggGCGTCCTCCCGTTACATTCAAGAAGAACATCTTCTTGCAAGTCATGGGGAGTACATGACGTTTATCGAAGGACGTCGC - 1879 

580 - ASSRYIQEEHLLASHGEYMTFIEGRR -605 



1880 
606 



GCGGCTGAAGATGACGAGCACACTaggtattttgtccgctcagtgacatggtcgaggctaattgattatacGAGACCGACGGCTCTGAAACGGAAAAT 
AAEDDEHT ETDGSETEN 



1977 
622 



1978 ■ 
623 



GACCGCGGACGACGGGTTCCTGTTGTGCGCGAAGTATATAGAGGGTTTAATTCCTCGTTCGTGCGTGACCCTGCTGGAGCAGCCGCATATGAACGTGCT 
DRGRRVPVVREVYRGFNSSFVRDPAGAAAYERA 



2076 
655 



2077 
656 



GCTTTCGGCTGGGATGACTTCGTTCAACGAGCCAAGCTCGGCGATGATATCAATCCACAAATGAAGGAGATACGAGACGCAGGTCCGTTCGCCGGACTC 
AFGWDDFVQRAKLGDDINPQMKEIRDAGPFAGL 



2175 
688 



2176 
689 



TCAGGAAGTGAGATTATCAACATGTTGTTGGAAGCCACGGGGACTATAGAAATGCCAGATGACGTTCCTGCGAAGGAGCATCATCCCCCACCTTATGCA 
SGSEIINMLLEATGTIEMPDDVPAKEHHPPPYA 



2274 
721 



2275 
722 



GATGCGCGGTCCACCGCGCTGACAGCTCTGGCCGACCTTGCGGCGGCCGAGGTGCACCGGCCTGCTCTCCAGCATACCCCCCGGCTCGCAGCTCATCGT 
DARSTALTALADLAAAEVHRPALQHTPRLAAHR 



2374 
745 



2373 
744 



- ACCATACTTCCTCAACCCTCTCAGCCTCAGCCTCAACCTCAACCTCAGCCACCGCCAATACACCATGCGCATCCAGAGCCAAGGCCTTTCTTGCCGCCA - 2472 
-TILPQPSQPQPQPQPePPPIHHAHPEPRPFLPP-777 



CCCACCCCTCGGGGCCAACCGAGGCGGCTCCTCCCTGCGGGACAGCAGATTCCGCCGATCAACGAGACGCTTGGCCTTCCTGACCCCTTCTCATCACGC 
PTPRGQPRRLLPAGQQIPPINETLGLPDPFSSR 



2571 
810 



2572 
811 



2671 
844 



GGTGGACCACCTCAGCTTCCTCCTCCACCAGGGTCCAACTTTCAGCGGCCTCCTTTACCCGGCTACTTGACGGGGCATCACCATCCTAGTATATACTAT 
GGPPQLPPPPGSNFQRPPLPGYLTGHHHPSIYY 

ACGCCACCGCCGCATCGGCCGCCGCCGCCGCCGCCGTATTGA - 2712 
TPPPHRPPPPPPY*-857 



2670 
843 



2713 - TTGTAGTGAATTGCATTTGTACTGAATTTGTTGGCTATCAGAATTCTGGGTTTAGCACGAAAGGCGGTGTAGGTTTGGTTAGCTTTCATGTACT^^ - 2811 

2812 - ATGAGACATTCACATCTTCAGCTTGTTCACGATGTTTACTCGGGGGCTCAGGATGGCTCACAATGAGTCACAGCGGAGCGGGATGACTGCATAATATGA - 2910 

2911 - CTCGAGGGCCGAGAGCTCCGCCGCACCTACCGTAAAGCTAAGGCGGTGTGGCGAGCAAGAGCTTTTTTAATCGGTTTTTATTTTTGCTAGTACC - 3009 

3010 - GCTCCATTTCTGAGATCCAGAGCGTCGTCTGCCTGAGTATATTACCTGCACTGGTCGTCTCGAATTTCTTATTCTTCAGTCACTCATATTTCTAAACCC - 3108 

3109 - CTTATTCCTTCTCCTTTTTTTTTCTTCCTACACACCCCACGCACCGCAGGGCTCTACTACCTGTCCCGCAATACCCCGCCTCCCAAGACGAT^ - 3207 



1138 I R. S. Almeida et a/. 



r-^.G3' Genes \ Genomes | Genetics 



YUU 



YUU + YUU + YUU + 
200 mM 400 pM 10 mM 
CaCI CaCI EGTA 



Wild type cttAA 



cnaAA 



B 






1.8 


o 


1.6 




1.4 




< 


1.2 




Q 




o 


1.0 




0.8 


o 

CO 


0.6 


VN 


0.4 


Q 


0.2 




0.0 



Wild type 


o 


o 


o 


© 


crzAA 


o 


• 




0 


scrCA 


O 


o 


O 


0 




30 min 



Wild type 



crzAA 



cnaAA 



rcnAA 



Figure 8 scrC mRNA levels and lack of detectable phenotype of 
scrCA single mutants. (A) Wild-type, crzAA, cnaAA, and rcnAA mutant 
strains were exposed to 200 mM CaCl2 for 0, 10 and 30 min; RNA 
extracted; and underwent reverse-transcription polymerase PCR for 
scrC. (B) Growth phenotypes for strains of the indicated relevant, par- 
tial genotypes on the indicated solid media after 72 hr at 30°. 
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Figure 9 The crzA overexpression does not suppress the cnaAA 
growth phenotype. (A) Wild-type, crzAA, and cnaAA were grown ei- 
ther on YUU or YUU+200 mM CaCb for 72 hr at 30°. (B) Wild type, 
cnaAA, and a/cA::crzA cnaAl were grown either on MM+glucose 4%, 
MM+glycerol 2%, or MM+glycerol 2%+threonine 100 mM for 72 hr at 30°. 



addition to an autoinhibitory region (Steinbach et al. 2007). The 
CnaA-CnaB heterodimer is maintained in an inactive state due to 
the binding of the C-terminal autoinhibitory domain of CNA to the 
catalytic cleft. Elevated cytosolic Ca^^ concentrations result in the 
concomitant binding of Ca^+ to CnaB and calmodulin, displacing 
the autoinhibitory domain, and thus activating the CnaA catalytic 
subunit (Steinbach et al. 2007). This investigation identified two mu- 
tant alleles of cnaB as suppressors of crzAA. Both mutational substi- 
tutions are located in EF-hand domains, suggesting that these changes 
affect the interaction between calcium and the regulatory subunit and 
possibly impact the activation of the catalytic subunit. Structural mod- 
els of these modified proteins suggest that both substitutions can be 
tolerated without significant structural distortions. Both substitutions 
are possibly altering the interaction between catalytic and regulatory 
subunits of calcineurin. Either altered catalytic activity and/or mod- 
ifications in the calcineurin substrate recognition might be involved in 
crzAA suppression. Docking interactions are very important for sub- 
strate and regulator recognition by calcineurin (Roy and Cyert 2009). 
Usually, either a small degenerate sequence or a conserved motif 
(PxIxIT) in the interacting protein directs binding to a docking site 
on the surface of the phosphatase distinct from the active site (Roy 
and Cyert 2009). These two kinds of modifications, increased flexibil- 
ity for docking substrates and changed calcineurin activity might have 
an impact on the suppressor transcriptional landscape. In this context, 
it is worth noting that the mutated FolA shows some similarity with 
the small binding sequence for calcineurin (Figure S4). It is also 
possible to identify in FolA a secondary binding site, sharing some 



sequence similarity with those described for the interaction of NFAT 
with calcineurin (Hogan et al. 2003; Figure S4). The existence of 
several phosphorylatable serine- and threonine-containing motifs in 
FolA (Figure S2A) might lead to speculation that FolA itself might be 
a substrate for calcineurin. 

The bases for suppression of crzAA calcium toxicity by the folAl 
mutation in the putative dihydroneopterin aldolase gene or by the 
loss-of-function mutations in scrC are obscure. The thermosensitive 
folAl mutation pleiotropically results in a mitotic blockage at restric- 
tive temperature. It has been suggested that folate deficiency can 
accelerate telomere shortening, affect telomere function, and increase 
telomere-end fusions and subsequent breakage-fusion-bridge cycles 
(Fenech 2006; Moores et al. 2011). Chromatin and anaphase bridges 
are mitotic events that occur when telomeres of sister chromatids fuse 
together and subsequently fail to segregate completely into their re- 
spective daughter cells (Hoffelder et al. 2004; Chan and Hickson 
2011). In higher eukaryotes, the DNA bridge connecting homologous 
chromosomes persists after the formation of individual daughter 
cells. When daughter cells exit mitosis and re-enter interphase, the 
chromatin bridge becomes known as an interphase bridge (Hoffelder 
et al. 2004; Chan and Hickson 2011). A. nidulanSy like many lower 
eukaryotes, undergoes closed mitosis in which the nuclear envelope 
remains intact and mitosis occurs within the nucleus (De Souza and 
Osmani 2007). It is possible that what has been observed as a mitotic 
blockage is actually multiple occurrences of two nuclei kept together 
by a chromatin bridge within the nuclear envelope. 
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In summary, a plausible, but speculative, basis for how cnaBl and 
-2 confer calcium tolerance to the crzAA strains are a modification in 
calcineurin activity, a change at the docking site or altered affinity for 
calcium binding. These modifications could affect transcriptional pro- 
grams by activating one or more transcription factors able to control 
calcium homeostatic genes. In addition, it is also possible that direct 
dephosphorylation of proteins involved in signal transduction, such as 
kinases, could activate or repress signal cascades. Given that tetrahy- 
drofolate is crucial to CI metabolism, it is possible that the folAl 
mutation impacts histone methylation, which could affect gene expres- 
sion. All these modifications could change calcium homeostasis by 
removing inhibitory concentrations of calcium from the cytoplasm 
through the action of putative calcium transporters that could either 
transport calcium to intracellular calcium stores or to the extracellular 
milieu. It is also possible that calcium uptake is decreased in these 
suppressor strains due to reduced expression of calcium channel 
encoding genes. The former possibility was documented, as pmcA 
and/or pmcB expression was increased in the crzAA cnaBly crzAA 
folAly and crzAA scrC3 mutant strains postexposure to a short pulse 
of CaCl2. This is not observed for the crzAA single mutant, suggesting 
that decreased mRNA accumulation of these transporters is important 
for calcium sensitivity in this mutant. Finally, another possibility is that 
the extragenic suppression mutations are modifying posttranslational 
processes that affect calcium-tolerance, such as the protein stability of 
calcium channels. All these possibilities will be addressed in our labo- 
ratory to identify physiological mechanisms for observed suppression 
of the crzA-null mutation. However, the currently striking observation 
of this investigation is the importance of fungal calcineurin-dependent, 
CrzA-independent mechanisms of calcium tolerance. 
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